A dimeric PR-1-type pathogenesis-related protein (PR-1-5), recently identified in wheat, was found to interact with Stagonospora nodorum ToxA in both yeast two-hybrid and co-immunoprecipitation assays. Site-specific mutational analyses revealed that the RGD motif of ToxA is not targeted by PR-1-5, whereas two surface-exposed asparagine residues are essential for the interaction: the N102 residue of the turning loop between β2 and β3 in ToxA and the N141 residue of the turning loop between βC and βD in PR-1-5. Recombinant PR-1-5 and ToxA mutant proteins carrying alanine substitutions at the interacting sites were expressed in Pichia pastoris, together with the wildtype proteins. Native polyacrylamide gel electrophoresis (PAGE) confirmed that the PR-1-5-N141A mutant retains the ability to form dimers. Plant assays indicated that the ToxA-N102A mutant fails to induce necrosis, whereas the PR-1-5-N141A mutant is impaired in the 'necrosis-promoting' activity shown by the wildtype PR-1-5 when co-infiltrated with ToxA in sensitive wheat. Reverse transcriptase-polymerase chain reaction and Western blot analyses revealed that the native PR-1-5 protein is differentially expressed between ToxA-sensitive and ToxA-insensitive wheat lines in response to ToxA treatment. These results suggest that PR-1-5 is a potential target of ToxA and the site-specific interaction between PR-1-5 and ToxA may mediate ToxA-induced necrosis in sensitive wheat.
INTRODUCTION
PR-1-type pathogenesis-related (PR) proteins are best known among the plant PR families for being hallmarks of the activation of hypersensitive response/defence pathways and the development of salicylic acid-dependent systemic acquired resistance (Buchel and Linthorst, 1999; van Loon et al., 2006; van Loon and van Strien, 1999) . The accumulation of PR-1 proteins in a wide range of plant species has been associated with both incompatible and compatible pathogen-host interactions culminating in cell death (Gruner et al., 2003; Hong et al., 2005; Lazniewska and Macioszek, 2010; Leon-Reyes et al., 2009; Lu et al., 2011; Santamaria et al., 2001) . However, the biochemical function and biological activity of PR-1 proteins are still obscure, although antifungal activities have been described for a few proteins purified from dicotyledonous plants (Kiba et al., 2007; Niderman et al., 1995; Rauscher et al., 1999) , and enhanced disease resistance has been observed in transgenic tobacco plants overexpressing certain PR-1 genes (Alexander et al., 1993; Li et al., 2011) . Direct roles in the mediation of plant cell death associated with host-pathogen interactions have not been demonstrated for any members of the plant PR-1 family.
Homologues of PR-1 proteins are widely spread among other kingdoms, including Animalia, Fungi and Bacteria (Cantacessi et al., 2012; Gibbs et al., 2008; Henriksen et al., 2001; Schuren et al., 1993) . Among these PR-1-like proteins, the best known is the human glioma pathogenesis-related (GliPR) protein implicated in cancer development in brain and prostate cells (Bonafe et al., 2010; Szyperski et al., 1998) . Early studies on the tomato PR-1 protein P14a (Fernandez et al., 1997) and GliPR (Szyperski et al., 1998) revealed a conserved 'PR-1 fold' (also called SCP-like extracellular protein domain, pfam00188) that features four α-helices and one four-strand β-sheet, with histidine (His)-72, glutamic acid (Glu)-77, Glu-98 and His-117 (in the P14a numeration) identified to be potential active sites. Homology-based modelling for the cone snail (Conus textile) Tex31 (Milne et al., 2003) and human GAPR-1 (Serrano et al., 2004) proteins suggested a 'catalytic triad' consisting of serine (Ser)-73 with Glu-98/His-117 (or Glu-77/His-72) within the largest cavity in the PR-1 fold, which is reminiscent of that of serine proteases, but none of these PR-1-like proteins has been confirmed to possess protease activity. Recent studies in human/animal systems have suggested 'novel' functions for PR-1-like proteins based on several newly identified properties, including coordination with divalent metal ions, such as Zn 2+ (Asojo et al., 2011; Wang et al., 2010) , and binding to negatively charged membrane-associated lipids (van Galen et al., 2012) or certain fatty acid-derived lipid signalling molecules, such as leukotrienes (Xu et al., 2012) . The importance of these unusual features in specific physiological processes has not been well established.
ToxA is the first discovered fungal proteinaceous host-selective toxin originally identified from the tan spot fungus Pyrenophora tritici-repentis (Ptr) (Ballance et al., 1989 (Ballance et al., , 1996 Ciuffetti et al., 1997; Tomas et al., 1990) and, more recently, from the leaf/glume blotch fungus Stagonospora nodorum (Sn) (Friesen et al., 2006) . SnToxA is nearly identical (>99% similarity) to PtrToxA and is thought to have been acquired by Ptr from Sn through a recent horizontal gene transfer event (Friesen et al., 2006) . How ToxA induces cell death in sensitive wheat is still under investigation. A current model suggests that ToxA binds to a membrane-located receptor through its RGD motif and is internalized through a yet-to-be-identified mechanism; within the plant cells, ToxA targets ToxABP1 (Manning et al., 2007) , a chloroplastic protein homologous to the Arabidopsis plastid membrane protein THYLAKOID FORMATION 1 (THF1) (Wang et al., 2004) , essential for photosynthesis, thus leading to cell death (reviewed by Ciuffetti et al., 2010) . It has also been reported that ToxA interacts with a second chloroplast-associated protein, plastocyanin (Tai et al., 2007) . Sensitivity to ToxA and susceptibility to the ToxAproducing fungus are controlled by a single dominant gene Tsn1 (Faris et al., 1996) , which encodes a protein belonging to the nucleotide-binding site-leucine-rich repeat (NBS-LRR) family of plant disease resistance proteins, but featuring an unusual N-terminal fusion with a serine/threonine protein kinase (S/TPK) domain (Faris et al., 2010) . Tsn1 is unlikely to be the long-assumed ToxA receptor as it lacks a transmembrane domain and does not interact directly (at least in yeast) with ToxA (Faris et al., 2010) . ToxA may act as both an elicitor and a virulence factor because a large number of defence-related genes, including those for PR proteins, are up-regulated in ToxA-treated sensitive wheat, like those observed in classical gene-for-gene interactions (Adhikari et al., 2009; Pandelova et al., 2009 Pandelova et al., , 2012 . It has been proposed that ToxA, and perhaps other fungal effectors, may exploit plant defence mechanisms to induce cell death for survival of the necrotrophic pathogen (Ciuffetti et al., 2010; Friesen et al., 2008; Mengiste, 2012; Oliver et al., 2012) .
Previously, we have obtained two partial cDNA clones that encode PR-1-like proteins potentially interacting with SnToxA from a yeast two-hybrid (Y2H) library screening experiment (Lu et al., 2009) . Subsequent genome-wide analysis of the wheat PR-1 family identified the corresponding full-length genes, named TaPr-1-1 and TaPr-1-5 (Lu et al., 2011) . Recent characterization of the recombinant PR-1-1 and PR-1-5 proteins revealed that the former exists as monomers, whereas the latter forms dimers contributing to protease resistance (Lu et al., 2013) . Here, we report that the dimeric PR-1-5 physically interacts with SnToxA in a sequencespecific manner, and that the interacting sites on both proteins are important for their respective biological activities. The data suggest that PR-1-5 is a potential target of ToxA and that the site-specific interaction between PR-1-5 and ToxA may mediate ToxA-induced necrosis governed by the cognate Tsn1 gene in sensitive wheat.
RESULTS

PR-1-5 physically interacts with ToxA
Our initial Y2H library screening (Lu et al., 2009) identified two partial cDNA clones encoding PR-1-like proteins (named PR-1-1 and PR-1-5) potentially interacting with SnToxA (hereafter ToxA unless otherwise noted). To confirm the PR-1-ToxA interaction, we performed additional Y2H assays using the full-length cDNA sequences encoding the mature protein of ToxA and PR-1-1 or PR-1-5. The ToxA protein was N-terminally fused to the GAL4-DNA-binding domain (BD) and the two PR-1 proteins were fused to the GAL4-activation domain (AD). 'Positive' interactions were determined by blue coloration derived from α-galactosidase activity on selective agar plates, and the strength of the interaction was simultaneously 'quantified' using serially diluted cell suspensions of the transformant co-expressing the bait/prey proteins. In all tests, the yeast transformant co-expressing the full-length mature ToxA and PR-1-5 proteins produced blue coloration, with the intensity observed in undiluted cells comparable with that of 10 −2 -diluted cells in a standard positive control (Fig. 1A , compare rows 1 and 5). In contrast, the transformant co-expressing the full-length mature ToxA and PR-1-1 proteins did not produce any blue coloration (row 2). Replacement of either the PR-1-5 prey or the ToxA bait with the yeast proteins RecT or p53 caused a loss of blue coloration (rows 3 and 4). A bait-prey swap assay was pursued, but was found not to be feasible because the GAL4-ADToxA fusion appeared to be 'toxic' when expressed in yeast (data not shown). Nevertheless, the Y2H assay results were sufficient to show that the full-length mature PR-1-5 protein, but not PR-1-1 protein, interacted with ToxA, although the interaction appeared to be weak (about two orders of magnitude lower than the standard control).
The interaction was further validated by coimmunoprecipitation assays in which PR-1-5 and ToxA were N-terminally labelled with c-Myc and haemagglutinin (HA) epitope tags, respectively, and translated in vitro, and the protein complex was detected using anti-c-Myc and anti-HA antibodies. As shown in Fig. 1B , the 17.5-kDa c-Myc-tagged PR-1-5 protein (15.1-kDa PR-1-5 plus 2.4-kDa c-Myc) was detected using anti-cMyc antibody, whereas the 15.6-kDa HA-tagged ToxA protein (13.2-kDa ToxA plus 2.4-kDa HA) was detected in the same protein sample using anti-HA antibody (lane 1). In the negative control, the 38.1-kDa c-Myc-tagged p53 protein (35.7-kDa p53 plus 2.4-kDa c-Myc) was detected with a signal intensity equal to the 17.5-kDa c-Myc-tagged PR-1-5 protein, and a faint signal was seen in the vicinity of the 15.6-kDa HA-tagged ToxA protein (lane 2). The latter was a result of the non-specific binding of the HA tag to protein G beads, as confirmed in a separate experiment (data not shown). Nothing was detected in the background control (lane 3), which only contained the lysate used for in vitro translation. These experiments demonstrate that PR-1-5 physically interacts with ToxA both in vivo (at least in yeast) and in vitro. Attempts to pull down the native PR-1-5 protein in leaf tissue extracts isolated from ToxA-treated sensitive wheat using the 15.6-kDa HA-tagged ToxA protein were unsuccessful. This may have been a result of the fact that the concentration of the native PR-1-5 protein in the wheat leaf extracts was relatively lower than that of the in vitrotranslated c-Myc-tagged PR-1-5 protein. However, it was more likely a result of competitive binding from other ToxA-interacting proteins, e.g. ToxABP1 (Manning et al., 2007) and plastocyanin (Tai et al., 2007) , both of which are constitutively expressed at high levels (see the final section of the Results).
Two surface-exposed asparagine residues are essential for the interaction between PR-1-5 and ToxA A series of deletion constructs for both PR-1-5 and ToxA proteins was tested by Y2H assays to locate regions containing the interacting sites. In PR-1-5, the deletion at the N-terminal region [up to 62 amino acids (aa)] did not affect the interaction ( Fig. 2A , row 2, right), whereas the two deletions (13 and 36 aa, respectively) at the C-terminal region greatly reduced or abolished the interaction (rows 3 and 4). These results delineate the ToxA-interacting region to positions 128-151, which include the two β strands (βC and βD) and the turning loop in the PR-1 fold. In ToxA, the 39-aa deletion at the C-terminus, which includes three β strands (β6, β7and β8) and the entire RGD motif, did not affect the interaction (Fig. 2B, row 2) , whereas the two deletions (31 and 44 aa) at the N-terminal region apparently reduced or abolished the interaction (rows 3 and 4). These results indicate that the ToxA RGD motif, which is essential for ToxA activity (Manning et al., 2004 (Manning et al., , 2008 Sarma et al., 2005; Tuori et al., 2000) , is not involved in the PR-1-5-ToxA interaction. Instead, the two β strands (β2 and β3) and the turning loop (positions 92-105) contain the interacting sites.
In order to identify critical residues in the targeted interacting regions, we performed site-specific mutagenesis, with a focus on the residues within the turning loops, because mutations in these amino acids are less likely to be structurally disruptive. In PR-1-5, the turning loop between βC and βD contains six residues (Fig. 2C, left) . We mutated all of these residues individually, except for cysteine (Cys)-140, which is predicted to be part of a disulphide bridge. The N141A mutation affected the interaction most significantly, as indicated by the complete loss of blue coloration in the 10 −1 -diluted cells and the faint coloration in the undiluted cells (Fig. 2C , left, row 2). The N142A mutation reduced the interaction slightly, as indicated by the weakened coloration in the 10 −1 -diluted cells (Fig. 2C, left, row 3) . The N143A mutation also caused the loss of blue coloration in the 10 −1 -diluted cells, but only reduced the coloration slightly in the undiluted cells (Fig. 2C , left, row 4). In contrast, the L144R and G145A mutations did not change the blue coloration patterns (Fig. 2C , left, rows 5 and 6). These results suggest that L144 and G145 residues are not essential for interaction with ToxA. They also indicate that a singleresidue mutation within the turning loop is less likely to affect the expression level/stability of the PR-1-5 protein. In ToxA, the turning loop between β2 and β3 contains two asparagine residues only (Fig. 2C, right) . We mutated both asparagine residues individually, and also substituted the adjacent phenylalanine (F103) residue with leucine (L) to generate a site-related control with a conservative substitution (F and L are both hydrophobic). The N101A and F103L mutations did not affect the interaction (Fig. 2C , right, rows 2 and 4). In contrast, the N102A mutation greatly reduced the interaction, as indicated by the complete loss of blue coloration in the 10 −1 -diluted cells and the weak coloration in the undiluted cells (Fig. 2C , right, row 3). Thus, the N141 residue in PR-1-5 and the N102 residue in ToxA were identified as the primary interacting sites. Interestingly, mutations at the five putative active sites in the PR-1-5 protein did not affect the interaction significantly (data not shown). The N141A mutation did not affect dimerization (see next section) or the protease resistance characteristics of the wild-type PR-1-5 protein (Lu et al., 2013) .
To determine the surface accessibility of the two asparagine residues, we examined the structural data published for P14a [Protein Data Bank (PDB) ID: 1CFE; Fernandez et al., 1997] and PtrToxA (PDB ID: 1ZLE; Sarma et al., 2005) using the Jmol (Hanson, 2010) and Ribbon (Carson, 1997) (Fernandez et al., 1997) and Ptr ToxA (Sarma et al., 2005) for PR-1-5 and SnToxA, respectively. Broken and full bars indicate the positions of the five putative active sites in the PR-1 domain and the ToxA RGD motif, respectively. Red bars indicate the positions of the asparagine-rich loops. Residue numbering is based on the full-length PR-1-5 protein (GenBank accession number HQ541965) and SnToxA (DQ423483) proteins with 'Δ' indicating the deleted residues. (C) Site-specific mutagenesis. Open and filled circles indicate residues consisting of the loops and the connecting β-strands, respectively. Asparagine residues are highlighted in red. Asterisks indicate residues conserved in P14a. (D) Ribbon diagrams showing the predicted site-specific interaction between PR-1-5 and ToxA. α helices, β strands and loops are in light blue, green and orange, respectively. The side-chains of the two interacting asparagine residues are shown in a 'stick-ball' scheme with red, grey, blue and white balls for oxygen, carbon, nitrogen and hydrogen atoms, respectively. Broken lines indicate potential hydrogen bonds.
highly conserved among PR-1-like proteins, as demonstrated for the human GliPR protein, which has only 35% identity to P14a, but nevertheless adopts the same three-dimensional structure (Szyperski et al., 1998) . The sequences that comprise the βC, βD strands and the turning loop between P14a (RLGCGRAR CNNGWWFISCNYD) and PR-1-5 (SIGCARVVCNNNLGVFITCNYE) (italics indicate similar residues) have 67% similarity and two conserved asparagine residues at the targeted sites (N137/N138 in P14a aligned to N141/N142 in PR-1-5). PtrToxA and SnToxA are nearly identical (Friesen et al., 2006; Sarma et al., 2005) and have 100% similarity within the β2, β3 strands and the turning loop. Both Jmol and Ribbon programs placed the side chains of the N102 residue in ToxA and the N137 residue in P14a at a position protruding from the surface of the folded protein when the corresponding PDB data were examined. We also confirmed that the asparagine residues at the PR-1-5-ToxA interacting sites were not likely to be glycosylated, as predicted by several web servers specializing in the prediction of N-linked glycosylation sites in eukaryotic proteins (e.g. GlycoEP; Chauhan et al., 2013) . Thus, we predicted that the interaction between PR-1-5 and ToxA is probably established through hydrogen bonding between the side chains of the N102 and N141 residues (Fig. 2D ).
The recombinant ToxA-N102A mutant protein fails to induce necrosis in ToxA-sensitive wheat For the functional characterization of the PR-1-interacting site in ToxA, we expressed the wild-type ToxA and the N102A mutant proteins in Pichia pastoris. Very low yields were obtained in initial trials with the constructs for the 118-aa mature ToxA proteins [not detectable by sodium dodecylsulphate-polyacrylamide gel electrophoresis (SDS-PAGE)]. We then attempted to express the 17-kDa proToxA with the N-domain (Tuori et al., 2000) . To our surprise, a single major species of 13 kDa was detected for both proteins ( confirmed the sequence identity of the 13-kDa bands in which the N-domain was apparently removed, suggesting that ToxA was 'correctly' processed in Pichia, probably through a mechanism common in ascomycete fungi. No significant background proteins were detected in the mock strain transformed with the expression vector only (lane 3). The amount of recombinant ToxA proteins was estimated at ∼5 ng/μL. Examination of the tandem mass spectrometry (MS/MS) data confirmed the presence of the 11-aa protein fragments containing the interacting site (LNNFITIGLNR, positions 100-110 in the full-length ToxA protein) in the wild-type ToxA and the alanine substitution (LNAFITIGLNR) in the mutant protein (Fig. 3B , MS data are shown for convenience; detailed MS/MS data are available on request).
The ToxA-sensitive wheats Grandin (hexaploid) and Langdon (tetraploid) and ToxA-insensitive wheat BR34 (hexaploid) were infiltrated with varying amounts of recombinant ToxA proteins (ranging from 0.1 to 1 ng/μL) to determine their activity and specificity. Typical necrosis symptoms were observed in Grandin plants treated with 0.25-1 ng/μL of ToxA at 72 h post-infiltration (Fig. 3C , top); this activity was comparable with that of purified PtrToxA, which induces the same necrosis symptoms when applied at 0.1-0.5 μM (roughly 1-5 ng/μL) (Manning et al., 2008) . Necrosis symptoms were also observed in ToxA-treated plants of Langdon, which appeared to be less sensitive than Grandin to ToxA, as indicated by the weaker necrosis at lower concentrations (e.g. 0.25 ng/μL) (Fig. S1 , see Supporting Information). The ToxAinsensitive BR34 plants did not show any necrosis in the same treatments (data not shown). These observations indicate that the recombinant ToxA protein is active with the same specificity as the native toxin. Under the same conditions, the ToxA-N102A mutant failed to induce necrosis in sensitive wheat; some weak chlorosislike symptoms were observed only in plants treated with the highest concentration (1 ng/μL) (Fig. 3C, middle) . These results confirm that the surface-exposed, PR-1-5-interacting N102 residue is essential for ToxA activity. The control plants treated with the cell-free culture supernatant from a yeast strain transformed with the 'empty' expression vector did not show any symptoms (Fig. 3C, bottom) , indicating that the ToxA activity was solely responsible for the observed necrosis symptoms in sensitive wheat.
The recombinant PR-1-5-N141A mutant protein shows impaired necrosis-promoting activity compared with the wild-type For the functional characterization of the ToxA-interacting site in PR-1-5, we expressed the PR-1-5-N141A mutant protein in P. pastoris and obtained its purified form, together with the previously expressed wild-type PR-1-5 and the dimerization-defective E102A mutant proteins (Lu et al., 2013) . The three purified PR-1-5 proteins were all found to have the expected molecular mass of 15 kDa as determined by SDS-PAGE analysis (Fig. 4A) . Lowtemperature (LT) SDS-PAGE analysis indicated that the PR-1-5-N141A mutant protein retained the ability to form dimmers, in contrast with the E102A mutant, which was found only as a monomer (Fig. 4B) . Native PAGE analysis confirmed that the PR-1-5 dimers show the expected molecular masses of ∼30 kDa as compared with the native proteinase K (EC 3.4.21.14; molecular mass, 28.9 kDa; isoelectric point, 8.9), which migrated to a position very close to the PR-1-5 dimers, but distant to the E102A monomers (Fig. 4C) . The monomeric bands detected in LT SDS-PAGE for the two dimeric PR-1-5 proteins were absent in native PAGE (compare arrows with 'm' in B and C), suggesting that the PR-1-5 protein may exist exclusively as a dimer in its native configuration. Proteolytic digestion tests indicated that the PR-1-5-N141A mutant protein remained resistant to both serine and cysteine proteases, as did the wild-type (data not shown). To ensure sequence identity, all three purified PR-1-5 proteins were re-validated by size exclusion chromatography and/or MALDI-TOF/ TOF analysis, and the MS/MS data confirmed the presence of the 18-aa protein fragments containing the mutated interacting site (VVCANNLGVFITCNYEPR) in the N141A mutant protein (Fig. S2 , see Supporting Information).
The biological activity of the PR-1-5 proteins was tested by co-infiltration assays in different wheat lines. In attempts to mimic a natural situation, we adjusted the ToxA concentration to 0.05 ng/μL at which ToxA alone does not induce apparent necrosis at 48 h (or even longer) post-infiltration; high concentrations (>0.1 ng/μL) of ToxA were not suitable for these assays because they cause rapid cell death, making it difficult to detect the activity of the recombinant PR-1-5 proteins. The final concentrations of the PR-1-5 proteins were adjusted to 0.25-0.5 ng/μL, which is close to the concentration of the native PR-1-5 protein in ToxA-treated sensitive wheat (based on a comparison with serially diluted recombinant PR-1-5 protein in Western blots, data not shown). The best results were obtained when the co-infiltration assays were performed using tetraploid Langdon wheat (which is less sensitive to ToxA, as mentioned above) with an extended incubation time (i.e. 5 days) as used in previous studies (e.g. Manning et al., 2008) . At the defined concentrations, the Langdon plants treated with ToxA alone did not show apparent necrosis symptoms at 5 days post-infiltration (Fig. 4D, leaf 1) . In contrast, those co-infiltrated with ToxA and the wild-type PR-1-5 protein all developed necrotic symptoms with tissue collapse seen across the infiltration area (Fig. 4D, leaves 2-4) . Under the same conditions, plants co-infiltrated with the PR-1-5-N141A mutant protein all looked similar to those treated with ToxA alone, although some minor necrosis was seen near the infiltration site (Fig. 4D, leaves 5-7) , indicating that the mutant protein is impaired in its ability to promote the development of necrosis. Infiltration with PR-1-5 or the PR-1-5-N141A mutant protein alone did not induce necrosis (Fig. 4D, leaf 8) , and the same was true for co-infiltration with the ToxA-N102A mutant and the PR-1-5 protein (Fig. 4D, leaf 9 ). When tested with hexaploid wheat lines, PR-1-5-associated necrosispromoting activity was observed in ToxA-sensitive Grandin, but not in ToxA-insensitive BR34, wheat plants (Fig. S3 , see Supporting Information). No necrosis was observed when several ToxAinsensitive tsn1 mutant wheat lines (Faris et al., 2010) were tested under the same co-infiltration conditions (S. Lu and J. D. Faris, unpublished data). These results demonstrate that the expression of the PR-1-5-related necrosis-promoting activity depends on the co-existence of ToxA and its cognate sensitivity gene Tsn1 (Faris et al., 2010) , and such 'death-promoting' activity requires a physical interaction between PR-1-5 and ToxA.
In addition, preliminary experiments suggest that the monomeric E102A mutant protein is less active in promoting necrosis, but the results are not conclusive because the tested protein sample contains a second minor species detectable under nonreducing conditions (Fig. 4B, lane 3) . We will try to further purify this mutant protein, together with the monomeric PR-1-1 protein (Lu et al., 2013) , to address whether the dimerization of PR-1-5 is essential for the observed 'death-promoting' activity.
The native PR-1-5 protein is differentially expressed between ToxA-sensitive and ToxA-insensitive wheat lines
The PR-1-5 gene is present in the genomes of both ToxA-sensitive and ToxA-insensitive wheat lines, but has been shown to be differentially expressed in response to infection by a ToxA-producing isolate of Sn (Lu et al., 2009 (Lu et al., , 2011 . To determine whether the native PR-1-5 protein is expressed in response to ToxA in the absence of the pathogen, we analysed mRNA and protein samples extracted from ToxA-treated plants of different wheat lines. Reverse transcriptase-polymerase chain reaction (RT-PCR) revealed that PR-1-5 transcripts were absent in mock-infiltrated ToxA-insensitive wheat BR34 (Fig. 5, lanes 1-4) and detectable only at low levels (24 and 48 h post-infiltration) in mockinfiltrated ToxA-sensitive wheat Grandin (Fig. 5, lanes 11 and 12) . When BR34 plants were treated with ToxA, only low levels of PR-1-5 transcripts became detectable at 48 h (Fig. 5, lane 8) . In contrast, the transcripts were up-regulated sharply in Grandin, as indicated by the strong band seen as early as 12 h, when necrosis had just became visible (Fig. 5, lane 14) , and by the greatly intensified band seen at 48 h, at which time the entire infiltrated area had collapsed (Fig. 5, lane 16) . In Western blot analysis, the anti-PR-1-5 antibody (Lu et al., 2013) hybridized to a 15-kDa band in ToxA-treated Grandin plants at 12, 24 and 48 h, with the signal intensity correlating with the abundance of the PR-1-5 transcripts shown in the RT-PCR results (Fig. 5 , lanes 14-16, compare white and red asterisks). These data confirm that the native PR-1-5 protein is expressed and accumulates coincidentally with necrosis development in ToxA-sensitive wheat. In contrast, under the same conditions, the transcripts encoding three other proteins were found to be either up-regulated in ToxA-treated plants (as for the PR-1-1 protein) or constitutively expressed at high levels in all plants [as for the two ToxA-interacting chloroplast proteins ToxABP1 (Manning et al., 2007) and plastocyanin (Tai et al., 2007) ] of both sensitive and insensitive wheat lines (Fig. S4 , see Supporting Information). The up-regulation of PR-1-1 in both wheat lines indicates that ToxA may induce the expression of multiple PR-1 genes through Tsn-1-independent pathways not necessarily associated with the development of necrosis. Functional tests of the recombinant PR-1-1 protein, as mentioned above, would help to determine whether the native PR-1-1 protein also contributes to ToxA-induced necrosis in sensitive wheat.
DISCUSSION
Our initial Y2H library screening experiments identified PR-1 proteins as potential targets of ToxA (Lu et al., 2009 ). In the same experiments, we also recovered several cDNA clones encoding plastocyanin identical to that reported by Tai et al. (2007) , but were unable to identify ToxABP1 (Manning et al., 2007) . We noticed that the ToxA bait used by Manning et al. (2007) included residues 23-178, with the first 22 amino acids removed based on the original signal peptide analysis (Ciuffetti et al., 1997) . In our experiments, we used residues 17-178 with the first 16 amino acids removed based on the prediction from the SignalP server (Petersen et al., 2011) . In addition, we used mRNA for cDNA synthesis instead of total RNA as used by Manning et al. (2007) . These technical differences may have affected the chance to pull out ToxABP1 from a particular cDNA library, and may also explain why no PR-1-like clones were recovered from previous studies Table S1 . Western blot analysis (bottom two panels): protein samples isolated from the plants shown at the top were separated by sodium dodecylsulphate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred onto poly(vinylidene difluoride) (PVDF) membrane and probed with the anti-PR-1-5 antibody (α-PR-1-5) (Lu et al., 2013) . Signals were detected by exposure to X-ray films for 30 s. Membranes were stained with Coomassie blue after signal detection (bottom). Numbers on the right indicate the positions of size markers (molecular masses in kDa).
using the same Y2H library screening systems (Manning et al., 2007; Tai et al., 2007) . In this study, we confirmed the physical interaction between PR-1-5 and ToxA through Y2H and in vitro co-immunoprecipitation assays, and determined that the interaction is mediated by two surface-exposed asparagine residues. The polar side-chain of asparagine can act as both a hydrogen bond donor and an acceptor, thus playing an important role in intermolecular interactions (Carpena et al., 2009; Shimoni and Glusker, 1995) . The binding of PR-1-5 to ToxA may rely on hydrogen bonds formed between the oxygen (or hydrogen) atom in the side-chain of the N141 residue in PR-1-5 and the hydrogen (or oxygen) atom in the side-chain of the N102 residue in ToxA (Fig. 2D) . Amino acid sequence alignments revealed that the N141 residue in the PR-1-5 protein is actually a part of a unique motif-like sequence (NNNL) found only in PR-1-5 and PR-1-4 proteins in the wheat PR-1 family; extensive database searches failed to identify a homologue having this 'NNNL' motif in plant PR-1 proteins (Fig. S5 , see Supporting Information). However, the N102 residue in ToxA is located within a region whose counterpart is completely missing in the mammalian FnIII proteins topologically most closely related to ToxA (Sarma et al., 2005) . Thus, the specificity of the interaction between PR-1-5 and ToxA may have stemmed from a beneficial 'matching' of two unusual structures, each acquired by an unrelated protein during natural selection. Like the RGD motif, the N101-N102 loop is conserved; no substitutions were found at either asparagine residue in the natural ToxA isoforms investigated in a previous study (Tan et al., 2012) . Further mutational analysis is needed to determine the functional importance of the two asparagine-rich motifs in the PR-1-5 and ToxA interaction. It remains to be determined whether PR-1-5 interacts directly with ToxA in planta. The HA-tagged ToxA protein failed to pull down the native PR-1-5 protein from the plant extracts used for co-immunoprecipitation assays, probably as a result of potential competitive binding from ToxABP1 (Manning et al., 2007) and plastocyanin (Tai et al., 2007) , as mentioned in the previous section; however, the negative results may also suggest that PR-1-5 does not interact directly with ToxA in planta or the interaction is too weak to be detected using the pull-down method. Bimolecular fluorescence complementation assays (reviewed by Kodama and Hu, 2012) will be pursued using an Agrobacterium-based transient expression system to further evaluate the PR-1-5-ToxA interaction in planta.
Previous studies on ToxA have been largely focused on the RGD motif (Manning et al., 2004 (Manning et al., , 2008 Meinhardt et al., 2002; Sarma et al., 2005; Tuori et al., 1995 Tuori et al., , 2000 Zhang et al., 1997) because of its similarity to the classical mammalian RGD-containing domains that bind to membrane-associated integrin receptors. More than 20 single-residue mutations have been made to ToxA (Manning et al., 2004 (Manning et al., , 2008 Meinhardt et al., 2002) ; none of them targeted the N102 residue or immediately adjacent amino acids. Despite the demonstrated importance of the RGD motif, the fact that plants lack any bona fide integrins makes it difficult to draw parallels with the mammalian systems. Some integrin-like proteins have been identified in Arabidopsis (Gouget et al., 2006; Knepper et al., 2011) , but their homologues in wheat have not been reported. The RGD-independent interaction between PR-1-5 and ToxA identified in this study opens a door to explore alternative receptors directly linked to plant pathways. The successful expression of ToxA in Pichia will facilitate functional studies. Unlike the Escherichia coli-expressed PtrToxA (Manning et al., 2008) and SnToxA (Tan et al., 2012) , which are His-tagged and less active, the Pichia-expressed SnToxA obtained in this study is tag free and appears to be as active as the native PtrToxA, although further purification is needed to precisely quantify the activity.
By using LT SDS-PAGE and native PAGE analyses, we confirmed that PR-1-5 represents the first dimeric member in the plant PR-1 family, and may exist exclusively as a dimer, at least under the defined native PAGE conditions (Fig. 4) . The fact that the PR-1-5-N141A mutant protein retains the ability to form dimers (Fig. 4) indicates that the ToxA-binding site is not essential for dimerization in PR-1-5. This is in contrast with the E102A mutant, which fails to form dimers because of the mutation at one of the active sites known to be involved in dimerization (Lu et al., 2013; Serrano et al., 2004) . In ToxA, the RGD motif is not targeted by PR-1-5 (Fig. 2) . Together, these results suggest that the binding of ToxA to PR-1-5 (or vice versa) would not disturb the active sites in either protein; thus, the resulting protein complex would be dually functional in downstream operations. Recent studies have shown that the dimerization of the GAPR-1 protein is required for its function involving membrane-binding activity (Eberle et al., 2002; Serrano et al., 2004; van Galen et al., 2012) . It will be important to determine whether the PR-1-5 dimer is the functional subunit in the PR-1-5-ToxA protein complex and how dimerization affects the necrosis-promoting activity.
In planta characterization of PR-1-5 function is a challenging task because of the genomic redundancy of the PR-1 family. There are an estimated total of >60 PR-1-like genes in the hexaploid wheat genome, with several having >80% nucleotide identity to PR-1-5 (Lu et al., 2011) . Attempts to specifically knock down the PR-1-5 gene by virus-induced gene silencing (Holzberg et al., 2002) have been unsuccessful in our laboratory. The co-infiltration assays presented in this study provide an alternative way to test the biological activity of the PR-1 proteins in their native host. The concentration of ToxA is important for co-infiltration assays. It is known that ToxA produced by Ptr isolates in liquid culture under laboratory conditions can reach a final concentration of 1-2 ng/μL (Tomas et al., 1990) . Purified native or recombinant ToxA proteins are routinely used for infiltration assays with a final concentration of 1-25 ng/μL; the minimal concentration required for the induction of necrosis has been reported to be 0.7-1.3 ng/μL (Manning et al., 2004; Meinhardt et al., 2002; Tomas et al., 1990) . Realisti-cally, the apoplastic concentrations of ToxA secreted by invading mycelia of the fungus in a susceptible host may never reach such minimal levels. Thus, we believe that the use of subminimal concentrations (below 0.7 ng/μL) for co-infiltration assays is a legitimate choice to mimic a natural situation. Similarly, the amount of the PR-1 protein must be taken into account. It is essential to use a concentration close to its native status, because the impact of forcefully delivered excess 'exogenous' proteins on biological processes associated with plant apoplastic spaces, cell walls or cell wall-plasma membrane interfaces cannot be predicted.
How the PR-1-5-ToxA interaction mediates ToxA-induced necrosis in wheat remains to be investigated. One possibility is that the PR-1-5-ToxA interaction may be involved in the activation of cell death pathway(s) in sensitive wheat. The native PR-1-5 protein is also expressed in mock-treated sensitive wheat and is easily detectable at 24 and 48 h post-infiltration (Fig. 5, lanes 11  and 12) . We speculate that, in sensitive wheat, the PR-1-5 protein can be induced by certain stress conditions, such as cell wall damage associated with artificial infiltration or fungal penetration in a disease-favourable natural environment. ToxA can target these 'stress-induced' PR-1-5 proteins (although with low abundance) to establish an initial interaction, which is sufficient for the activation of Tsn1-controlled cell death pathway(s). Once the pathway(s) is initiated and local cell death starts, there could be a feedback control loop that up-regulates the PR-1-5 protein whilst necrosis advances (Fig. 5, lanes 14-16) . We noticed that the sensitive wheat plants treated with ToxA alone in the co-infiltration assays ( Figs 4D and S3A , leaf 1) eventually developed necrosis symptoms, similar to plants co-infiltrated with ToxA and PR-1-5, if incubated for a longer period (4-5 days instead of 48 h postinfiltration in the case of Grandin). Thus, the exogenous application of PR-1-5 through co-infiltration might mimic an 'ahead of time' expression that allows necrosis to develop earlier than in the case of infiltration with ToxA alone, in which the expression of necrosis may depend on the progressive up-regulation of the native PR-1-5 protein.
It is known that, in the presence of specific death stimuli, plant programmed cell death pathways can be activated by extracellular enzymes, such as serine protease-related saspases/phytaspases having caspase-like activities essential for apoptosis in human/ animal systems (Bonneau et al., 2008; Chichkova et al., 2010; Vartapetian et al., 2011) . Although lacking similarity to saspases/ phytaspases, PR-1-5 shares certain commonalities with caspases, including resistance to serine/cysteine proteases, formation of dimers and conserved motif-like sequences (Lu et al., 2013) . The necrosis-promoting activity observed in this study further supports the notion that PR-1-5 may have caspase-like activities. It is possible that the binding of ToxA to PR-1-5 causes a specific conformational change in the PR-1-5 dimer, leading to the activation of its substrate-specific protease activity, which would turn on (probably through interaction with other death signalling-related enzymes/proteins) Tsn1-controlled defence-related pathways, such as those in classical gene-for-gene interactions, eventually resulting in cell death. The identification of the potential substrates of PR-1-5 activity through protease profiling may provide useful information with regard to this hypothesis. Interestingly, a recent study (Zhang et al., 2012) has reported that the powdery mildew effector CSEP0055 targets three barley PR proteins, including PR17c, PR1a and PR1b, as revealed by Y2H library screening, and the CSEP0055-PR17c interaction may contribute to disease resistance, although the functional significance of the CSEP0055-PR-1a/PR1b interaction has not been tested. Nevertheless, these findings suggest further that plant PR-1 proteins can be potential targets of both necrotrophic and biotrophic effectors.
In summary, the PR-1-5-ToxA interaction identified in this study suggests that specific recognition between a host-selective toxin and its target (or cofactor) may be achieved through affinity binding mediated by unique surface-exposed sites on the two interacting partners. The ToxA-binding asparagine-rich loop identified in the dimeric PR-1-5 protein may represent an effectorbinding domain in the PR-1 family. Thus, PR-1, and perhaps also other extracellular defence proteins, may be directly targeted by specific proteinaceous toxins produced by necrotrophic pathogens, such as Ptr and Sn. Further characterization of the PR-1-5-ToxA interaction will help us to understand how necrotrophic pathogens exploit plant defence mechanisms to induce diseases in the host plants.
EXPERIMENTAL PROCEDURES
Y2H assays
The targeted coding regions in the mature proteins of SnToxA (bait) and PR-1-1/PR-1-5 (prey) were PCR amplified from laboratory cDNA clones of SnToxA (GenBank accession number DQ423483; Friesen et al., 2006) and PR-1-1 (HQ541961)/PR-1-5 (HQ541965) (Lu et al., 2011) , respectively. Mutations were generated by PCR fusion using the primers listed in Table S1 (see Supporting Information). PCR products were subcloned into the pGBK-T7 (bait) or the pGAD-T7 (prey) vector and transformed into yeast strain AH109, as described previously (Lu, 2012) . For α-galactosidase activity assays, yeast cells were picked up from a single colony of the transformant grown on agar plates containing synthetic defined medium lacking leucine and tryptophan (SD/-LT, selecting for the bait and prey proteins) and suspended in 50 μL of sterile water, followed by three 1 : 10 dilutions in series. Five microlitres of each cell suspension in the dilution sets were inoculated onto agar plates of SD/-LT and SD/-LTHA + X-α-gal (lacking leucine, tryptophan, histidine and adenine, and supplemented with the chromogenic substrate 5-bromo-4-chloro-3-indolyl-α-D-galactopyranoside) at the same time to select for reporter genes. Plates were incubated at 30°C for 36-48 h until blue coloration became visible in the 10 −3 -diluted cells of the standard positive control (p53/RecT) before photographing. All α-galactosidase activity assays were duplicated and repeated at least once.
Co-immunoprecipitation assays
The cMyc-PR-1-5 (bait) and HA-SnToxA (prey) epitope-tagged proteins (constructed in the pGBK-T7/pGAD-T7 plasmids with the T7 promoter) were generated by in vitro translation using the TNT® Coupled Reticulocyte Lysate System (Promega, Madison, WI, USA), and co-immunoprecipitation assays were performed using the Dynabeads Protein G package (Life Technologies, Grand Island, NY, USA) following the manufacturer's instructions. The protein complex was finally eluted from the magnetic beads in 20 μL of elution buffer with 10 μL of reducing agent provided by the manufacturer. The co-precipitated bait and prey proteins were detected by Western blot analysis using horseradish peroxidase (HRP)-conjugated antic-Myc (Sigma-Aldrich, St. Louis, MO, USA) and HRP-conjugated anti-HA (Roche Diagnostics, Indianapolis, IN, USA) antibodies.
Expression of the recombinant SnToxA and PR-1-5 proteins in yeast
The coding region corresponding to the 17-kDa proToxA (Tuori et al., 2000) was PCR amplified from the SnToxA cDNA clone. ToxA-N102A and PR-1-5-N141A mutant constructs were generated by PCR fusion. PCR primers are listed in Table S2 (see Supporting Information). Yeast transformation and protein expression/isolation were performed as described previously (Lu et al., 2013) . The concentration of the target protein was estimated by SDS-PAGE in comparison with a series of dilutions of bovine serum albumin (BSA) (New England Biolabs, Ipswich, MA, USA) included in the same gel. Large-scale expression (from the same yeast strain) and subsequent purification of the PR-1-5-N141A mutant protein were performed through a commercial service (NeoBioLab, Cambridge, MA, USA), together with the wild-type PR-1-5 and the E102A mutant proteins (Lu et al., 2013) . The purified PR-1-5 proteins were finally provided in phosphate-buffered saline with a concentration of 0.2-0.27 mg/mL. The sequence identity of the recombinant SnToxA and PR-1-5 proteins was confirmed by MALDI-TOF/TOF analysis.
Protein gel electrophoresis and MS analysis
SDS-PAGE was performed following standard protocols (Green and Sambrook, 2012) . Low-temperature SDS-PAGE was performed as described by Lu et al. (2013) . Size exclusion chromatography and MS analyses were performed at the Proteomics and Mass Spectrometry Facility, Cornell University Biotechnology Resource Center, Ithaca, NY, USA. Native PAGE was performed using procedures adapted from a Bio-Rad (Hercules, CA, USA) protocol. Purified proteins (1 μg per lane) were separated on SDS-free 8% straight polyacrylamide gels without stacking gel in SDS-free Tris-glycine running buffer at 4°C, followed by Coomassie blue staining. The native proteinase K (EC 3.4.21.14) (New England Biolabs, Ipswich, MA, USA) was included as a reference protein because it has a molecular mass of 28.9 kDa, close to that of the PR-1-5 dimers (∼30 kDa), and is a basic protein [isoelectric point (pI), 8.9], like the PR-1-5 protein (pI, 8.3 ).
Plant assays
ToxA-sensitive hexaploid (cultivar Grandin) and tetraploid (cultivar Langdon) wheat and ToxA-insensitive hexaploid wheat (cultivar BR34) were used for infiltration/co-infiltration assays. Plants were grown in 6-in (15.24-cm) pots (10-16 plants per pot) containing SB100 professional growing mix (Sungrow Horticulture, Dellevue, WA, USA) in a growth chamber at an average temperature of 21°C with a 16-h photoperiod for 2 weeks. For ToxA activity assays, the second leaf of each plant was infiltrated with ∼20 μL of cell-free culture supernatant (diluted in series with water) containing the recombinant ToxA protein (Fig. 3A) at the desired concentrations using a 1-mL syringe without the needle (Delasco, Council Bluffs, IA, USA). Control plants were infiltrated with the culture supernatant from a yeast strain transformed with the expression vector only (Fig. 3A) . Treated plants were kept in a growth chamber and symptoms were examined 2-5 days after infiltration. Each treatment included at least five plants. For co-infiltration assays, ToxA and PR-1-5 proteins were diluted with water and mixed together, with the final concentrations adjusted to 0.05 ng/μL for ToxA and 0.25 ng/μL for PR-1-5. The protein solution was incubated at room temperature for 10-60 min before use. Plants were treated in the same way as mentioned above, except that both the first and second leaves of the plants were infiltrated. Each treatment included 5-10 plants and was repeated at least twice.
RT-PCR and Western blot analysis
mRNA samples were isolated from leaf tissues of 2-week-old ToxA-treated and control plants of cultivars BR34 and Grandin that were collected at different time points (4, 12, 24 and 48 h post-infiltration). RT-PCR was performed as described previously (Lu et al., 2011) using the following primers: 5'-AATACGCCGCAGGACTACGTT-3' and 5'-AAGACTGCCATA GAGAAGCTCA-3' for PR-1-5 and 5'-ATGGCTGACGGTGAGGACAT-3' and 5'-GATCAGAAGCACTTCCTGTGGA-3' for ACT-1 (internal control) (Lu et al., 2011) . Protein extraction and Western blot analysis using the HRPconjugated anti-PR-1-5 polyclonal antibody were performed as described by Lu et al. (2013) .
Sequence analysis
Amino acid sequences of plant PR-1 proteins from wheat and other species were retrieved from GenBank databases available online from the National Center for Biotechnology Information. Alignments were generated using the MegAlign programs from Lasergene 8.1 software (DNASTAR Inc., Madison, WI, USA). Structural data for P14a (Fernandez et al., 1997) and PtrToxA (Sarma et al., 2005) were retrieved from PDB available online from the European Bioinformatics Institute; the corresponding PDB files were examined using the Jmol (Hanson, 2010) and Ribbon (Carson, 1997) 
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Additional Supporting Information may be found in the online version of this article at the publisher's web-site: (Fig. 5 ) in response to ToxA treatment. mRNA samples were collected from the second leaves of ToxA-insensitive (BR34) and ToxA-sensitive (Grandin) wheat plants that were 'mock'-infiltrated (-) or infiltrated with ToxA protein (+) at a final concentration of 1.0 ng/μL. Polymerase chain reaction (PCR) products were separated on ethidium bromidestained 1% agarose gels. Numbers on the right indicate size (in base pairs) of the amplicons. Oligonucleotide sequences of the primers used for reverse transcriptase-polymerase chain reaction (RT-PCR): 5'-CCTTTTAGACACCGAACCAGGAAGT-3' (forward) and 5'-ATGGCGGCCATATCGTCGCTTCCT-3' (forward) and 5'-TTAATGC TTCAAGGGATAAGCGCT-3' (reverse) for TOXABP1 (Manning et al., 2007) , and 5'-ATGGCCGCCCTCTCCTCTGCA-3' (forward) and 5'-TTAGTTGACGGTGACCTTGCCGA-3' (reverse) for PCN (Tai et al., 2007) . Lu et al. (2011) . Table S1 Polymerase chain reaction (PCR) primers used for the generation of yeast two-hybrid constructs. Table S2 Polymerase chain reaction (PCR) primers used for the generation of Pichia expression constructs.
